Some crystals doped with radionuclides glow in the dark. Such materials are prospective for certain industrial scale applications. Durable self-glowing crystalline solids, which were initially suggested for development of actinide waste forms, are considered as advanced materials. Wellknown durable actinide host phases, such as zircon, xenotime, and monazite are main focus of current research. Single crystal samples of these host phases doped with Pu-doped zircon and xenotime has, at first, been identified by cathodoluminescence study of non-radioactive samples. Subsequently, the results of this study were used to grow intensively glowing crystals of zircon and xenotime doped with 0.01 wt. % and 0.1 wt.% 238 Pu, respectively.
INTRODUCTION
The admixture of radionuclides, in particular alpha-emitters, in some solids may initiate scintillation or glowing of their matrices [1] [2] [3] [4] . Scintillation is a process in which a material produces luminescence following absorption of radiation. We have suggested to use term "selfglowing" [2, 4] in order to distinguish scintillation initiated by the decay of certain radionuclides, which are incorporated in solid matrix in the form of solid solution, from the luminescence excited under any external radiation from radioactive [5] , ultraviolet, infrared, electron, or laser beam sources.
The single alpha-particle is characterized by energy that is high enough to excite dozens of luminescence centers. The luminescence centers might be produced by activating elements (Eu, Tb, etc.) or intrinsic defects caused by different reasons including some chemical admixtures (In, etc.) . Stable solid materials with low radionuclide content but intensive self-glowing are interesting for certain industrial scale application. The most important requirement to the wide use of self-glowing materials is their durability in environment. Thus, crystalline materials with high chemical resistance, mechanical durability, and stability under self-irradiation are very promising light sources that potentially can find applications in optical couplers, robotics and medicine. Moreover, intensive light emission might be converted into electric current that allows development of reliable "nuclear" batteries. Such nuclear batteries can potentially be used in aggressive chemical media as well as for applications in space for dozens to hundreds of years.
Development of cost effective technology on synthesis of self-glowing crystals may change our approach to actinide immobilization from "safe disposal" to "safe application".
The main difficulty related to development of self-glowing crystals is to determine the optimal balance between the amounts of radionuclides initiating the glowing process and the non-radioactive luminescence ion supporting intensive scintillation. Too high admixture of luminescence ion can suppress intensive scintillation. Similar behavior is also found for excessive admixture of radionuclides. In addition, a high content of radionuclides may cause more rapid radiation damage of crystalline structure that has a negative effect not only on glowing but also on the chemical and mechanical durability of crystal matrix. Therefore, the application of highly radioactive materials is very restricted. It is obvious, however, that too low content of radionuclide and luminescence ion does not result in a sufficient self-glowing intensity.
The results gained from our previous study [2, 4] have demonstrated that the use of cathodoluminescence (CL) method allows for the identification of the optimal amount and type of luminescence ion(s). We found a correlation between the cathodoluminescence intensity of non-radioactive samples and the intensity of self-glowing of radioactive crystals under selfirradiation. Therefore, non-radioactive crystals doped with an optimal amount of luminescence ions can be used as starting precursors for the synthesis of self-glowing crystals. However, the optimal content of radionuclides can only be found experimentally studying numerous crystals with different amounts of radioactive elements. Taking into account that synthesis of radioactive crystals is expensive; we have decided to limit the number of such experiments. It was suggested that content of Np in such crystals is considered to be acceptable at level of a few wt. %.
EXPERIMENTAL DETAILS
Single crystal samples of zircon, xenotime, and monazite were synthesized by the flux method [1] at temperature 1100-1300°C in Pt-crucibles. Initially, undoped crystals of zircon (ZrSiCU), xenotime (YPO4) and Eu-monazite (EUPO4) were synthesized. Then, some amounts of these samples were used as starting precursors for the synthesis of crystals containing luminescence ions, i.e. Eu -for zircon and xenotime and In and (In + Tb) -only for zircon. The content of luminescence ions in different crystals was varied broadly between 0.001 to first wt. %. Some crystals were selected from each batch, mounted in epoxy, polished and coated by carbon for electron microprobe analysis (EPMA) and CL investigations. CL spectroscopy was performed using the home-made optical spectrometer [6] installed into a CAMECA Camebax electron microprobe. This spectrometer is characterized by a high sensitivity and spectral resolution 0.1 nm in optical region between 300 and 850 run. The CL spectra were obtained from the same microvolumes as the microprobe measurements which allow correlating the chemical composition with the CL intensity even in heterogeneous, zoned crystals. The EPMA measurements using wavelength-dispersive spectrometers were carried out with an accelerating voltage of 20 kV at a beam current of 10 nA.
In available from previous studies [1, 3] . All radioactive crystals were studied by EPMA and CL spectroscopy under the same analytical conditions used for non-radioactive samples. The bulk actinide content in the crystals was measured by precise gamma-spectroscopy using a Ge detector with Schlumberger EGP 20P11A well. The relative self-glowing intensity of the different radioactive samples was evaluated visually.
RESULTS AND DISCUSSION
Most of the non-radioactive and radioactive samples of xenotime and monazite were characterized by homogeneous distribution of luminescence ions and actinides in crystal matrices. Zoned distribution of admixed elements was, however, typical for all zircon crystals.
According to CL and EPMA data the optimal Eu content in xenotime yielding the highest CL emission intensity is 1.5-2.0 wt. % (figure 1). Crystals of xenotime doped with 1.8 wt.% Eu and 0.1 wt.% Interesting results were obtained from the investigation of In-doped zircon. In a first step, single zircon crystals were synthesized from a flux that was overloaded with In-oxide in order to obtain crystals with the highest In content. In a second step, these crystals were used as a starting material in a new 238 Pu-bearing flux in order to obtain self-glowing crystals containing approximately 0.02 wt.% 238 Pu (Table I) . Finally, further non-radioactive zircon crystals doped with varied amount of In were synthesized. These crystals were then used as precursor material for successful synthesis of intensively glowing samples doped with 0.01 wt. % 238 Pu only (Table I) . A further investigation of non-radioactive zircon crystals doped with In and Tb has shown that it is a possibility to further increase the CL emission. Crystals doped with In and Tb (and 0.01 wt. % 238 Pu) are characterized by an essentially higher self-glowing intensity when compared with zircon crystals doped with In only (and 0.01 wt. % 238 Pu) ( Table I ).
All of the results obtained so far are summarized in Table I 
INTRODUCTION
Coffinite, USiO^nt^O, is the important phase as the alteration product of the spent nuclear fuel (SNF) (-95% of UO 2 ) in Si-rich groundwaters under reducing condition [1] [2] [3] [4] [5] [6] [7] [8] [9] . Consequently, it is important to understand the radiation damage in coffinite, as it is inevitably exposed to significant radiation dose due to alpha-decay events over geological periods.
Coffinite is an orthosilicate, with general formula of ABO4, and the space group is I4ilamd , Z=4 [10]. The A-site, which contains uranium, is surrounded by 8 oxygen atoms: 4 at the distance of 0.238 nm and 4 at the distance 0.236 nm, distances comparable to those in UO2 (0.236 nm) [11] . The coffinite structure consists of chains of alternating, edge-sharing SiO 4 tetrahedra and UOg triangular dodecahedra extending parallel to the c-axis [12] .
The phase stability and irradiation response of the isostructural orthosilicates, including zircon (ZrSiO 4 ), hamon (HfSiO 4 ), and thorite (ThSiO 4 ), have been studied extensively by ion beam irradiations combined with in-situ TEM observation [13] [14] [15] . All of these orthosilicates are sensitive to the radiation-induced, crystalline-to-amorphous transformation at room temperature at relatively low doses (0.17-0.22 dpa) and can be amorphized even at temperatures up to 1000 K. However, no irradiation stability data were available for the uranium end-member, coffinite, www.cambridge.org © in this web service Cambridge University Press Cambridge University Press 978-1-107-40814-2 -Scientific Basis for Nuclear Waste Management XXXIII: Materials Research Society Symposium Proceedings: Volume 1193 Editors: Boris E. Burakov and Albert S. Aloy Excerpt More information because the synthesis of coffin ite has proven to be very difficult [16] . In this study, we performed ion beam irradiations on synthetic coffinite with a crystal size in the range of 20-50 nm, consistent with the ultra-fine nature of the coffinite as it forms as an alteration phase of spent nuclear fuel or occurs in natural uranium deposits. The results of ion beam irradiations of coffinite are compared with previous results for isostructural ZrSiO4, HfSiC>4 and ThSiCfc*.
EXPERIMENT DETAILS
The synthetic coffinite (US1O4) was prepared from UCI4 solution and Na2SiO3 salt using a hydrothermal method in an autoclave at 250 °C and 40 atm [16] . XRD measurements were completed using monochromatic x-ray beam with energy of 30.5 keV, Figure 1 shows the X-ray diffraction patterns treated by the Rietveld method using the "FullProf program [17] . The synthesized coffinite powder has the zircon-type tetragonal structure (a=0.69936 nm, c=0.62614 nm) with small amount of UO2 (5-10 wt%) [16] . Bright-field and high resolution TEM images in figure 2 show that coffinite is well crystallized, with individual grains of 20-50 nm in size.
Ion irradiation and in situ TEM observations were completed using the IVEM-Tandem Facility at the Argonne National Laboratory with 1 -MeV Kr 
